In addition, in 1992 we utilized compound 13, Scheme 1, derived from the enzymatic metabolite of styrene, in a proof of absolute stereochemistry of new metabolites derived from o-and m-chlorostyrenes (14) . 5 We suggested in 1993 6 that rigid structures of type 13 or 15 might be useful as auxiliary groups for 
Scheme 1:
Proof of absolute stereochemistry of 14. 5 We did not return to the investigation of compounds such as 15 until two decades later, with expectations of useful levels of asymmetric induction that would be derived from its use as a chiral auxiliary. The efficient and easily scalable synthesis of 15 from toluene further supported our expectations. In this paper we report some rather disappointing results with regard to low level of asymmetric induction for several common processes.
D r a f t
cycloadditions. The reactions were designed to produce known substances for immediate comparison. The synthesis of the chiral auxiliary group, shown in Scheme 2, begins with the enzymatic dihydroxylation of toluene with E. coli JM109 (pDTG601A), a strain that over-expresses toluene dioxygenase.
yield. The alkene in 18 was then reduced using 10% Pd/C in a Parr shaker to afford compound 19 in 93% yield.
The deprotection of the dimethylthexylsilyl group proved to be problematic. The standard procedure, using 3 equivalents of TBAF in dry THF at room temperature, provided only 45% conversion. When the reaction mixture was heated to reflux, the conversion was complete, but the yield after chromatography was only 42%. When the amount of TBAF was decreased to 1.4 equivalents, the yield increased to 72% after 3 hours of reflux in dry THF.
Alcohol 15 was then oxidized with pyridinium chlorochromate in CH 2 Cl 2 to provide ketone 20 in 91% yield.
Formation of imine 21 was rather complicated. Ketone 20 was treated with tosylamine in the presence of various titanium catalysts, and the use of TiCl 4 or TiCl 4 /Ti(O-iPr) 4 , in refluxing CH 2 Cl 2 , 1,2-DCE, or THF did not lead to any conversion. The use of Ti(O-iPr) 4 in refluxing CH 2 Cl 2 provided 65% conversion with 35% of the starting material recovered. The best results were obtained using Ti(O-iPr) 4 in refluxing THF, which resulted in complete conversion after 5 days.
Imine 21 was not stable to silica gel, decomposing to ketone 20. Purification was accomplished by extraction and rapid filtration through a short plug of silica, and the compound was used immediately in the next step. Imine 21 was oxidized in a D r a f t led to the production of 24 in 85% yield with 95% ee. 9 We followed the same procedure using NaHMDS and oxaziridine 22 in dry THF at −78 °C, Scheme 3.
Purification of the reaction mixture afforded 85% yield of 24 (R)-and 25 (S)-benzoin with a disappointing 16% ee in favor of 25, which was the opposite enantiomer than the one obtained from the reaction with (-)-Davis's oxaziridine.
This result my be surprising in view of the similarity of the structure of oxaziridine 22 to that of Davis's oxaziridine. We have not assigned the stereochemistry of 22 but assumed that the oxaziridine had the endo-configuration. Modeling of the transition state for the hydroxylation of 23 also assumed the endo-22 and the prediction is clearly in favor of si-23 that would lead to (S)-25, which is agreement with the experimental results (see Figure 3 and discussion of calculations below). cycloaddition was performed in a sealed tube in toluene at 155 °C, Scheme 4.
Purification of the reaction mixture by column chromatography provided two compounds, 30a and 30b in nearly equal amounts, indicating that almost no asymmetric induction took place.
Initially, these compounds were separated and treated with sodium methoxide to obtain the known methyl esters (31a, 31b).
rotations were also different -31a was +1.2 and 31b was -39.5. The literature value for 99% enantiomerically enriched sample of 31a is +95.6.
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To determine the composition of the above-mentioned products, and to ensure that no epimerization took place during methanolysis of 30a/30b, each adduct was separately treated with Red-Al to obtain starting alcohol 15 and alcohols 32a and 32b. 12 After chromatographic separation of these alcohols, the specific rotation of both was measured. The specific rotation of starting alcohol 15 remained unchanged, as expected. The values corresponding to the new alcohols 32a and 32b however, were different: 32a was −10.5 and 32b was +7.7.
The literature value for 99% enantiomerically enriched sample of 32a is +8.7 12 and for 32b is −10.7.
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From these results, we assumed that 32a and 32b each represent an individual enantiomer of the endo-isomer. To confirm this hypothesis, chiral HPLC analysis of both samples 32a and 32b was performed, and a racemic standard was prepared, as shown in Scheme 6.
Scheme 6: Synthesis of rac-32.
Chiral HPLC analysis of the racemate (rac-32) showed two peaks at 22.3 min and 23.0 min, respectively, and a minor peak corresponding to the exo-isomer (likely formed by partial epimerization of the ester) at 23.8 min. The analysis of compound 32a displayed one major peak at 22.7 min, whereas sample 32b showed a different peak at 22.0 min, representing the other enantiomer.
Based on these chiral HPLC results, we prepared both endo-isomers that were easily separated using standard column chromatography. Unfortunately, the nearly 1:1 ratio of 30a to 30b indicates that no significant asymmetric induction D r a f t was achieved during the cycloaddition with enantiomeric excess estimated as <5%.
Computational studies.
Disappointed by the outcomes of the three reactions studied, namely alkylation, dihydroxylation, and Diels-Adler cycloaddition, we turned to computational modeling in order to gain insight into the factors contributing to the low levels of asymmetric induction offered by our tricyclic chiral auxiliary. To this end, we that revealed a 0.35 kcal/mol energetic difference between the lowest energy sivs. re-stereofacial addition modes (si-23 and re-23), which favored the formation of (S)-benzoin. 16 Notably, this is in reasonable agreement with the experimental formation of (S)-benzoin in 16% ee (predicted = 29% ee), shown in Figure 3 .
Perhaps worth noting is the fact that the C-O-N (bond-making/bond-breaking)
angle in si-23 and re-23 was displaced from the 180° metric that one might expect based on the theoretical work of Bach, which is not at all surprising given the use of precomplexes vs. transition states for this analysis. Notwithstanding, despite the fact that our chiral auxiliary did not provide good levels of asymmetric induction, it is noteworthy that the conceptual understanding that has emerged from this study offers some promise as a point of departure for designing new chiral auxiliaries. Indeed, the MCMM modelling approach employed herein is fast (processing time on a standard PC desktop computer = 2 min) and simple to execute. Accordingly, its use as springboard for DFT studies and employment as a rapid method for assessing stereoselective trends provided by chiral auxiliary oxaziridine reagents is ongoing and developments on this front will be reported.
Conclusions

D r a f t
The chiral auxiliary group 15, prepared from the homochiral diene-diol derived chemoenzymatically from toluene (2) ((3aS,7S)-3a-methyl-2,3,3a,6 
(-)-(3aS,7S)-3a-Methyloctahydro-3,6-methanobenzofuran-7-ol (15)
(-)-(3aS,6R)-3a-Methylhexahydro-3,6-methanobenzofuran-7(7aH)-one (20)
Alcohol 
2-Phenylpropanoic acid (28)
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Ester 27 (0.145 g, 0.48 mmol) was dissolved in 25% aqueous MeOH (4 mL), lithium hydroxide monohydrate (100 mg, 2. 13, 14 Diels-alder adduct 30b (103 mg, 0.34 mmol) was dissolved in anhydrous THF (5 mL). After the addition of Red-Al (0.43 g, 1.38 mmol), the resulting mixture was stirred for 3 h at room temperature. After the reaction was deemed to be complete, a saturated aqueous solution of Rochelle's salt was added and the mixture was extracted with EtOAc (3 x 25 mL). The combined organic extracts were concentrated under reduced pressure and the residue was purified by column chromatography on silica gel eluting with [hexane/EtOAc (4:1)] yielding 38 mg (80%) of 32b as a colorless oil. The spectroscopic data correspond to those previously reported in the literature. 14 Methyl acrylate (2.0 mL, 22 mmol) was dissolved in toluene ( 
